The mixture/interaction of anti-sunward propagating Alfvénic fluctuations (AFs) and sunward-propagating Alfvénic fluctuations (SAFs) is believed to result in the decrease of Alfvénicity of solar wind fluctuations with increasing heliocentric distance. However, SAFs are rarely observed at 1 AU and solar wind AFs are found to be generally outward.
INTRODUCTION
Since the 1960s, the frequent presence of Alfvén waves or Alfvénic fluctuations has been identified from in situ observations of solar wind fluctuations over the radial range from 0.3 to 20 AU and from the ecliptic plane to high-latitudes (see Belcher and Davis 1971; Burlaga 1971; Völk 1975; Tu and Marsch 1995; Yang and Chao 2013, and references therein) . The Alfvénic fluctuations (AFs) mostly originate from the Sun and thus mostly propagate in the anti-sunward direction. In general, the flow velocity fluctuations are negatively/positively correlated with magnetic field fluctuations in the anti-sunward (sunward) heliospheric magnetic field sector.
The interactions of counter-propagating AFs are thought to be an important source of solar wind plasma heating and decreasing Alfvénicity (Burlaga and Turner 1976; van der Holst et al. 2014) .
However, only a few clear events of sunward-propagating Alfvénic fluctuations (SAFs) are reported in the literature. Roberts et al. (1987) and Marsch (1991) found that discrete SAFs are rare in the pristine solar wind at 1 AU. Gosling et al. (2009 Gosling et al. ( , 2011 ) performed a limited search for the signatures of discrete SAFs in the ACE and Wind data and identified a limited number of periods with SAFs. They found that SAFs were found only (1) in events associated with back-streaming ions from the Earth's bow shock, (2) immediately up and down stream from reverse shocks associated with corotating interaction regions or interplanetary coronal mass ejections, and (3) in events identified as reconnection exhausts. Recently, Wang et al. (2015) utilized a new criterion to identify the upstream-propagating Alfvénic intervals in the upstream region of the Earth's bow shock and found both upstream-propagating AFs with a power spectral bump due to the linear ion beam instability and upstream-propagating AFs with power law spectra due to a nonlinear wave-wave interaction. He et al. (2015a) later reported the first observation of SAFs in the solar wind at 1 AU in the region magnetically disconnected from the Earth's bow shock. Bruno et al. (1997) used Elsässer variables to represent the anti-sunward (δZ + ) and sunward (δZ − ) sense of propagation with respect to the Sun, and discussed the nature of the sunward component of AFs at 0.3 AU. Bavassano et al. (2000 Bavassano et al. ( , 2001 ) later adopted the similar analysis methodology and studied the evolution of the anti-sunward and sunward components of AFs in the solar wind both at high-latitudes and in the ecliptic plane. However, these authors acknowledge doubt as to whether or not δZ − fluctuations, at scales smaller than 1 hour, represent SAFs. For example, δZ − can be the sunward-propagating quasi-perpendicular slow-mode waves, which have been clearly identified by He et al. (2015b) in the compressible solar wind turbulence. The power spectral density of δZ − in 2D wave-vector space, which is derived using a spectral tomography method as introduced by He et al. (2013) , shows a quite different distribution from that of δZ + , with the former being more quasi-perpendicular and dominated by magnetic field fluctuations (Yan et al. 2016 ). Such differences suggest that δZ − may not necessarily be the SAFs as previously conceived.
To our knowledge, no case of SAFs beyond 1 AU has previously been reported. shock (e.g., Gosling et al. 2009; Wang et al. 2015) .
The Wind spacecraft was launched on 1 November 1994. The 3-D Plasma and Energetic Particle (3DP) instrument on Wind provides full three-dimensional measurements with high sensitivity of solar wind plasma (Lin et al. 1995) . The Magnetic Field Investigation on Wind consists of a dual triaxial fluxgate DC magnetometer (Lepping et al. 1995) . The time resolution used here is 3 seconds.
To compare with Voyager 2 results in a statistical sense, Wind data from 1998 to 1999 are used, which corresponds to the same phase of the solar cycle as the Voyager 2 data used in this study.
The approach of Li et al. (2016) is used to identify interplanetary AFs. Compared to conventional Walén test methods, the deHoffmann-Teller (HT) frame and the background magnetic field are not needed to be determined in advance. Thus, the uncertainties introduced in the determinations of these two parameters could be reduced. We here use the band-pass filtered signals of the plasma velocity and magnetic field observations, instead of the original data sets, to check the Walén relation.
The property of pure AFs in the frequency domain can be accordingly obtained for each band-passed signal as follows:
Here, δV i and δV Ai represent the band-passed V (solar wind velocity) and V A (local Alfvén velocity)
with the ith filter, respectively. The sign −/+ denotes respectively propagation parallel and antiparallel to the background magnetic field.
In the literature, several parameters are defined to represent the Alfvénicity, such as the Alfvén ratio, the Walén slope, the normalized cross helicity, the normalized residual energy, and the velocitymagnetic field correlation coefficient (see Li et al. 2016 , and references therein). However, each parameter has its own limitations. For example, the Alfvén ratio, the normalized cross helicity and the normalized residual energy themselves do not necessarily require that the fluctuations of velocity and magnetic field correlate well. A good velocity-magnetic field correlation coefficient does not guarantee that the fluctuations match the Walén relation. Thus, we use a more reliable quantity proposed by (Li et al. 2016 ), E rr , to assess the goodness of the Walén test and the degree of Alfvénicity.
For each time series, we calculate δV i and δV Ai for different frequency filters. For each filtered data set, we calculate the following eight parameters: 1) ||γ c | − 1|; 2) ||γ cx | − 1|; 3) ||γ cy | − 1|; 4)
Here, γ c is the correlation coefficient between all the components of δV and δV A , σ δV represents the standard deviation of all the components of δV, and σ δV A represents the standard deviation of all the components of δV A .
The terms with subscript x, y, and z are for the x, y, and z components. The parameter E rr is the average value for these eight parameters.
In this study, we use a moving window with a width of 1 hour and a moving step of 5 min to The wave propagation direction is determined according to the direction of the background magnetic field. However, as an unmeasurable parameter, the background magnetic field is hard to be determined accurately. The mean magnetic field is often assumed to be a proxy. But it is difficult to select time intervals over which the averages should be taken. Here we assume that the mean where the brackets represent the mean value and CC is the velocity -magnetic field correlation coefficient. Such intervals are defined as potential SAFs, which are a subset of AFs in our work.
Local bending of the interplanetary magnetic field line can make determination of the sunward direction difficult (see He et al. 2011 defined the intervals with waves propagating in a direction opposite to that of the observed strahl electron outflow to be sunward propagating.
Unfortunately, the strahl electron information is not available for Voyager 2 data, so an additional criterion is adopted to reduce the interference of magnetic field bending. The angles between our determinations of the background magnetic field of the potential SAFs and the upstream/downstream solar wind are calculated. If these two angles are both less than 60
• , such potential SAFs are defined as SAFs. Otherwise, the potential SAFs are defined as pseudo-SAFs caused by the local bending of magnetic field lines, and are excluded from our study.
Based on the criteria described above, we searched the AFs and SAFs from Voyager 2 data during 1977 and 1979 and from Wind data during 1998 and 1999. These two time intervals are in similar phases of the solar cycle, both before solar maximum.
3. RESULTS The perpendicular wave power is about 7.8 times larger than the parallel wave power, which indicates the waves are mainly transverse. Figure 3 shows the dependence of the SAF ratio on the heliocentric distance. Note that SAFs are a subset of AFs in our analysis. For Wind data, the total time durations of SAFs and AFs are 146 hours and 5408 hours, giving the ratio of 2.7%. In order to make the SAF ratio comparison more reliable in terms of statistical significance, we divide the Voyager 2 observations into four time intervals and make sure that the total time durations of AFs in each time interval are almost the same. The heliocentric distance is chosen to be the average value for each interval. For Voyager 2 data, the total time durations of AFs for the four intervals are 405.8 hours, 405.7 hours, 405.5 hours, and 407.2 hours. The total time durations of SAFs are 12.2 hours, 31.9 hours, 20.8 hours, and 35.2 hours, respectively. Thus, the ratios are 3.0%, 6.9%, 5.1%, and 8.7%. The ratio of SAFs to AFs observed by Voyager 2 near 1 AU (3.0%) is very similar to that observed by Wind at 1 AU (2.7%), supporting the validation of our approach. Moreover, the ratio of SAFs to AFs seems to increase with heliocentric distance. If the Wind data are divided into four intervals using the same method, the ratios of SAFs to AFs are 2.9%, 2.4%, 2.7%, and 2.8%, respectively. This indicates that the differences in Voyager 2 data are caused by the heliocentric distance changing but not by the data grouping.
Two SAF Events

Dependence of SAF Ratio on Heliocentric Distance
The generation mechanism of SAFs is still an open question. As summarized by He et al. (2015a) , some processes might contribute to the origin of SAFs: (1) AFs are partially reflected in inhomogeneous media, e.g., transverse shear or longitudinal gradients in flow velocity and Alfvén speed, and (2) excitation by unstable upstream energetic proton events. The exact generation mechanism of extended trains of SAFs is worthy of future investigation.
SUMMARY
Sunward-propagating Alfvénic fluctuations are believed to be important to heliospheric dynamic processes. However, they have rarely been observed at 1 AU and beyond in the past. We surveyed two years of Wind and Voyager 2 data before the solar maximum and used the approach proposed by Li et al. (2016) to identify interplanetary Alfvénic fluctuations. For Wind data at 1 AU, the total time durations of AFs and SAFs are 5408 hours and 146 hours. And for Voyager 2 data from 1 AU to 6 AU, the total time durations of AFs and SAFs are 1624 hours and 100 hours, respectively. The occurrence of AFs decreases with heliocentric distance, however, the ratio of SAFs to AFs increases gradually inside 6 AU, from about 2.7% at 1.0 AU to about 8.7% at 5.5 AU. The generation mechanism of extended trains of SAFs is not very clear. New data with high temporal resolution and strahl electron information from future missions will be helpful for understanding this issue more comprehensively.
We thank the NSSDC (ftp://nssdcftp.gsfc.nasa.gov) for access to the data from Wind Mission. The high-resolution Voyager 2 plasma data used in this study are publicly available at the
